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I. INTRODUCTION
The collisions of O( 3 P, 1 D) with CO( 1 + ) have been widely studied both experimentally and theoretically. [1] [2] [3] [4] [5] [6] A large amount of electronic energy can be efficiently transferred through a spin-orbit induced surface/conical intersection involving a long-lived (several vibrations) collision complex intermediates. The vibrational relaxation of CO( 1 + ) by O( 3 P) is several orders of magnitude faster than predicted by the conventional theory of translational to vibrational energy transfer. 7 In CO 2 photodissociation experiments, 8 the dissociation at 185 nm is considered as a spin forbidden process which involves two steps: an electronic transition from the ground state (1 1 + ) to an upper bounded single state 1 B 2 and then transition to an unbounded triplet 3 B 2 state. The transition from the 3 B 2 state back to the ground state can take place only in the presence of some perturbation such as spin-orbit couplings. However, the spin-orbital induced surface crossing between 3 B 2 and 1 A 1 states cannot explain an unusual enrichment of 17 O isotope. 9 Therefore, the topology of surface/conical intersections between the lowest electronic singlet and triplet states must play an important role for the dissociation mechanism of carbon dioxide molecule.
The conical/surface intersection problem of carbon dioxide molecule has attracted attention for high-level ab initio quantum chemistry calculations. Julienne et al. 10 have reported self-consistent-field and small configurationinteraction calculation of the potential energy curves along a) Electronic mail: cyzhu@mail.nctu.edu.tw the bending coordinate for the four lowest bent singlet states. Simkin et al. 11 have calculated the potential energy surfaces (PESs) of the ground state ( 1 + g ) and excited electronic states ( 3 B 2 , 1 B 2 ), and their calculations indicated that no crossing point is found between 1 B 2 and 3 B 2 states. However, by using the complete active space self consistent field (CASSCF) and multireference configuration interaction (MRCI) methods, Spielfiedel et al. 12 found that there are surface crossing regions between 1 B 2 and 3 B 2 states at CO bond length R CO = 1.243 Å and OCO bond angle in 90
• < α OCO <100
• . Spielfiedel et al. 12 also pointed out that the predissociation of 1 B 2 state can occur through a triplet state 3 A 2 intersection with the singlet state 1 B 2 . Therefore, it is still not very clear whether or not the 1 B 2 state has intersection with 3 A 2 state or/and 3 B 2 state. The purpose of the present work is to study this problem and we try to carry out extensive highlevel ab initio calculations for potential energy surfaces of the ground and excited states in order to understand the dissociation mechanism of carbon dioxide molecule. We have calculated PESs of the low-lying states 1 A 1 , 1 B 2 , 1 A 2 , 3 B 2 , and 3 A 2 using the un-contracted MRCI method, and then we have fitted the calculated PESs into the analytical form to explore topology of intersections among these five low-lying electronic states.
The paper is organized as follows: in Sec. II we present a brief description of the high-level ab initio calculation methods and algorithm of analytical fitting to PES. Then we report detailed analysis and discussion of potential energy surfaces and related surface/conical intersections in Sec. III. Concluding remarks are given in Sec. IV.
II. COMPUTATIONAL METHODS

A. High-level ab initio calculations
The ground and several low-lying excited electronic state PESs of CO 2 are calculated at the un-contracted multireference configuration interaction with single and double excitation (MRCISD) level using the Xi'an-CI code. 13 The un-contracted MRCI(SD) method is based on the graphical unitary group approach (GUGA) and the hole-particle correspondence. The details of the method have been given in the original publications. [13] [14] [15] [16] We utilized the state averaged CASSCF (SA-CASSCF) method with cc-pVTZ(6d, 10f) basis sets to generate the reference space by the GAMESS program package. 17 The multiconfiguration self-consistent field wave function consists of a complete configuration expansion for 12 electrons distributed in the 10 active valence orbitals. The active space CAS(12, 10) is chosen to have over 3000 configuration state functions (CSFs) under C 2v group symmetry and 7000 CSFs under C s group symmetry. If all CAS configurations are chosen as the reference states in the MRCI(SD) calculation with the cc-pVTZ basis set, the number of CSFs can exceed 3.4 × 10 7 and 6.1 × 10 8 under C 2v and C s group symmetry, respectively. It is extremely time-consuming for constructing potential energy surfaces under such high level calculation. In order to reduce computational cost, we only keep those CSFs with absolute coefficients larger than a preselected threshold in the reference space.
For instance, the number of CSFs in CI space is 34 964 540 without threshold selection, and it is reduced to 7 202 161 with the threshold set up to be 0.01 for ground state 1 A 1 with CO bond length R co = 1.164 Å and OCO angle α oco = 180
• . We found that the electronic energy of the ground state is −5119.4911 eV (−5120.0092 eV with Davidson correction) without the threshold selection, while it is −5119.4710 eV (−5120.0258 eV with Davidson correction) with 0.01 threshold selection. There is the correlation energy loss of 0.0201 eV with 0.01 threshold selection, but computation cost is reduced by 80%. For electronic triplet 3 B 2 state, the number of CSFs in CI space is reduced to 7 804 228 from 64 665 634 by 0.01 threshold selection and the correlation energy loss is 0.0633 eV. We think that such small correlation energy loss is quite acceptable for potential energy surface calculations. On the other hand, we found that the electronic energy of the ground 1 A 1 state is −5119.3967 eV calculated by internally contracted MRCI method implemented by Molpro software, 18, 19 and this is 0.0955 eV higher than −5119.4911 eV obtained by the present uncontracted MRCI method. In general, the electronic energy calculated from internally contracted MRCI (ic-MRCI) is higher than that calculated from un-contracted MRCI method. This difference can become bigger while the basis set is smaller. In the following, all the calculations in the present work are based on un-contracted MRCI with the threshold selection 0.01.
One of the authors (Z.W.) has recently developed an improved version of the configuration-based multi-reference second-order perturbation approach (CB-MRPT2) according to the formulation of Lindgren on perturbation theory of a degenerate model space. 20 The diagonalize-then-perturb-thendiagonalize (DPD) model has been implemented and thus the DPD-MRPT2 method is considered to be an approximate MRCISD. It is most capable to rectify the shortcomings of the CASPT2 method. 21 Therefore, we also carried out the DPD-MRPT2 calculations in the present study.
B. Analytical fitting of potential energy surface
In order to explore topology of surface/conical intersections among the five low-lying electronic states, we fit the calculated PESs into the analytical functions. We apply the reproducing kernel Hilbert space (RKHS) method 22 to construct the analytical PESs. Two-dimensional (2D) analytical potential energy surface is constructed as a function V(R, θ ) in which R is the CO bond length and θ is the OCO bond angle. Furthermore, we introduce the new variables x = αR (α is the scaling factor, and 0.5 is used in our calculations) and y = (1 + cos θ )/2, so that 0 ≤ x < ∞ and 0 ≤ y ≤ 1. We adopt the reciprocal power (RP) and Taylor spline (TS) reproducing kernel as follows:
where
in which x > and x < represent the larger and the smaller, respectively, for x and x . B(a, b) is the beta function and 2 F 1 (a, b; c; z) is the Gauss' hypergeometric function. The TS reproducing kernel is given by
and
We use Q 3, 5; 7 (x, y, x , y ) with n 1 = 3, m 1 = 5, and n 2 = 7 in Eq. (1) 
III. RESULTS AND DISCUSSION
A. Vertical excitation energies
The ground state of CO 2 is in the linear geometry 1 + g state with electronic configurations as 
shown in Table I . The electronic configurations of the lowest excited states of CO 2 at linear geometry are (1σ
) for the g states. The 5σ g and 2π u (D ∞h symmetry) are molecular orbitals corresponding to 6a 1 , 2b 1 , and 7a 1 , respectively, in C 2v group symmetry. The 5σ g orbital has mixed valence-Rydberg character so that large augmented polarized basis set should be used. As pointed out by Spielfiedel, 12 in any electronic configuration in which either of these two a 1 orbital (6a 1 , 7a 1 ) are occupied, the energetically lower a 1 orbital always has more 2π u character. The same conclusion is true for the triplet states. However, the behavior of these two a 1 states is opposite in singlet states 1 A 2 and 1 B 2 . The orbital in 6a 1 and 7a 1 with higher energy has more 2π u character. Thus, 5σ g (6a 1 ) molecular orbital has lower energy than 2π u (2b 1 , 7a 1 ) orbital at the D ∞h group symmetry.
The ground state of CO 2 in C 2v group symmetry is the 1 A 1 state with electronic configurations (see Table I The vertical excitation energies are summarized in Table II with the comparison to theoretical work of Spielfiedel et al. 12 The present results are inconsistent with the recent work by Grebenshchikov, 24 in which the vertical excitation energies are in the order of E( Table III , the excitation energy from un-contracted MRCISD method is closest to the experimental value. The differences of vertical excitation energies between un-contracted and internally contracted MRCISD methods are in the range of 0.01 to 0.22 eV. The energy differences induced by the configuration selection are in the range of 0.05 to 0.23 eV. The present un-contracted MRCISD method without configuration selection gives the lower excitation energy as compared with the internally contracted MRCISD methods.
Furthermore, we carried out the DPD-MRPT2 calculations to conform that both un-contracted MRCI and DPD-MRPT2 methods give the same order for excitation energies as shown in Table II and Table S1 in supplementary material. 34 We believe that the present un-contracted MRCI method predicted correct order of vertical excitation energies for the lower excited states.
B. 1D potential energy curves for bent valence excited states of CO 2 We first carried out calculations for the one-dimensional potential curves in the region of the bond angle 190
• > α oco > 170
• at fixed bond length R co = 1.111 and R co = 1.164 Å, respectively, for the low-lying excited states. 1D potential curves are plotted in Fig. 1 • where these two states form an avoided crossing, while the 2-1 A 2 state is almost unchanged in bond angle 190
• as shown in Figs. 1(a) and 1(b) .
For the triplet states of CO 2 , the conical intersection is formed between the 2-3 A 2 and 3-3 A 2 at R co = 1.111 Å and α oco = 180
• as shown in Fig. 1(c • as shown in Fig. 1(c) .
We again carried out DPD-MRPT2 calculations for conical intersections and avoided crossings for both low-lying singlet and triplet states, and detailed information is shown in Figs. S1, S2, S3, S4, and S5 in supplementary material. C. 2D potential energy surfaces for bent valence excited states of CO 2 We next carried out calculations for the two-dimensional potential contours in terms of bond lengths R co and the OCO angle α oco under C 2v group symmetry. Then we utilized analytical fitting method introduced in Sec. II B to obtain analytical potential energy surfaces for the ground state 1 We found that the ground state potential energy surface has a double-well structure with the global minimum at bond length R co = 1.162 Å (linear geometry) and local bent minimum at R co = 1.32 Å and α = 73.4
• . There is an energy gap of 6.33 eV between the two minima. The C 2v constrained saddle point that was found at R co = 1.30 Å and α = 91
• connects these two minima with potential barrier of 0.433 eV above the bent minimum. The transition state of the ground state is very close to the local bend minimum. The present calculation is basically in agreement with the result obtained by Xantheas and Ruedenberg, 29 which estimate the saddle point at R co = 1.32 Å and α = 94.2
• with a potential barrier of 0.607 eV above the local bend minimum. All other four excited states 1 • ) which are out of the plotted region in Fig. 2 . The surface crossing between 1 A 1 and 3 B 2 states has the great influence on the dynamical behavior of O-CO reaction. We found that this singlet-triplet surface crossing of 1 A 1 and 3 B 2 states occurs at CO bond length R co > 1.6 Å when the OCO angle is larger than 120
• , as shown in Fig. 3(a) . There is an interesting area for surface crossing from bond angle 85
• to 105
• , within which the 3 B 2 surface is always below the 1 A 1 surface for any bond length, and this special area has energy about 5.4 eV above the ground state. It should be noted that 3 B 2 state at the equilibrium geometry has energy just 4.85 eV above the ground state. This special area is very close to the photodissociation threshold that has energy 5.45 eV above the ground state. 30 It is well known that the singlet and triplet potential energy surface crossing happens as the elongation of CO bond length (R co > 1.6 Å). 4 The present calculation shows that the bending vibration mode at high quantum number can also lead to the singlet and triplet surfaces crossing, and it results in another pathway for the relaxation of CO + O( 3 P) system. 12 the crossing area is found at the bond length 1.243 Å and bond angle from 90
• to 100
• . The present calculation does show crossing region around bond length 1.0 Å and bond angle 180
• as plotted in Fig. 3(b) the region of 5.0-6.0 eV, which is consistent with the surface intersection area (5.72 eV) suggested by Lin's work 31 and Kinnersley's work. 32 From this point of view, the present results agree with the experiments and thus we present an alternative interaction mechanism. The detailed analysis is shown in Fig. S6 of supplementary material. 34 The surface crossing between 1 B 2 and 3 A 2 states is found to occur in two regions as shown in Fig. 3(c) ; one is near the linear structure and bond length R co < 1.05 Å and another is in the region at bond angle α OCO < 140
• . Therefore, we think that the predissociation of 1 • and bond length R co > 1.85 Å as shown in Fig. 3(d) . The present calculation shows complicated topology pattern of surface crossing between 1 A 2 and 1 B 2 states, and these two potential surfaces are quite close in energy as shown in Fig. 3(e) . We do not find crossing point between 1 A 1 and 1 A 2 states. On the other hand, we did find conical intersection between the 1 A 1 and 1 B 2 states, which takes place in the region of R co < 1.2 Å and 92
• < α oco < 100
• as shown in Fig. 3(f) . This crossing area is overlapped with the crossing area between 3 B 2 and 1 A 1 states. In order to demonstrate important reaction pathways, we plot the crossing seams in Fig. 4 Fig. 4(a) , the lower seam has energy 4.89 eV above the ground state at local minimum of the geometry R co = 1.28 Å and α oco = 108
• , while the upper seam has energy 6.63 eV above ground state at local minimum corresponding to the geometry R co = 1.33 Å, α oco = 85.6
• . There is only one crossing seam between 1 B 2 and 3 A 2 states as shown in Fig. 4(b) , and it has energy 5.95 eV above the ground state at local minimum R co = 1.25 Å and α oco = 109
• . The crossing seam of 1 A 2 and 1 B 2 have three parts, one is bond length R co > 1.61 Å and α oco > 150
• with the energy 11.0 eV above the global minimum. The second is R co < 1.0 Å and α oco > 150
• with the energy 15.9 eV above the global minimum. The third is the continuous seam as bond angle smaller than 140
• as shown in Fig. 4(c) , and it has energy 5.92 eV above the ground state at local minimum of R co = 1.25 Å and α oco = 113
• . This means that the crossing points for these two pairs (one is 1 B 2 and 3 A 2 , and another is 1 A 2 and 1 B 2 ) are quite close in both energy and geometry. We found there is energy jump at R co = 1.64690 Å as shown in attached window of Fig. 4(c) and we have analyzed that this is due to projection from two dimensions (see Fig. 3(e) ) to one dimension.
We conclude from the present study that the predissociation of 1 we found that there are even more predissociation pathways from bent geometry as shown in Figs. 3 and 4 .
IV. CONCLUDING REMARKS
Un-contracted MRCISD method has been used to calculate the potential energy surfaces of the five low-lying electronic states 1 A 1 , 1 A 2 , 3 A 2 , 1 B 2 , and 3 B 2 of CO 2 . By applying the reproducing kernel Hilbert space method to fit potential energy surfaces of these five low-lying states in the analytical forms, we demonstrated topology of the conical/surface intersections near the equilibrium geometry of these five states. We first confirmed that the vertical excitation energies from the present high-level calculations agree with the recent highlevel MRCI calculations, and we also noticed the deviations from the early internally contracted MRCI works. Then we extended the present un-contracted MRCI method to calculate conical/surface intersections in both linear geometry and bend geometry of CO 2 . We found that conical intersection between singlet • . This makes the relaxation mechanism of 1 B 2 state more complicated than the previous works. We have used the newly developed DPD-MRPT2 method to confirm the calculations from the un-contracted MRCI method and this makes the present high-level calculations in solid base for conical/surface intersections. In the near future, we need to do un-contracted MRCI calculations for potential energy surfaces in C s symmetry and trajectory surface hopping must be performed for quantitatively studying dissociation reaction of CO 2 . 
